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Acute myeloid leukemiaa b s t r a c t
HOTAIR is signiﬁcantly overexpressed in various cancers and facilitates tumor invasion and metas-
tasis. However, whether HOTAIR plays oncogenic roles in acute myeloid leukemia (AML) is still
unknown. Here, we report that HOTAIR expression was obviously increased in leukemic cell lines
and primary AML blasts. Clinically, AML patients with higher HOTAIR predicted worse clinical out-
come compared with those with lower HOTAIR. Importantly, HOTAIR knockdown by small hairpin
RNA inhibited cell growth, induced apoptosis, and decreased number of colony formation. Finally,
HOTAIR modulated c-KIT expression by competitively binding miR-193a. Collectively, our data
suggest that HOTAIR plays an important oncogenic role in AML and might serve as a marker for
AML prognosis and a potential target for therapeutic intervention.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Long non-coding RNAs (LncRNAs) are non-protein coding tran-
scripts longer than 200 nucleotides. Recently, emerging data has
reported that LncRNAs are frequently deregulated in multiple
human diseases and play important roles in a wide range of biolog-
ical processes, such as proliferation, differentiation, apoptosis, and
cell migration, through diverse molecular mechanisms including
chromatin modiﬁcation, transcriptional regulation, and
post-transcriptional regulation [1–4]. Among post-transcriptional
regulation, lncRNAs act as competing endogenous RNAs (ceRNAs)
to sponge miRNAs, consequently modulating the de-repression of
miRNA targets.
Homeobox (HOX) transcript antisense RNA (HOTAIR), a long
intergenic non-coding RNA, interacts with the PolycombRepressive Complex 2 (PRC2) to enhance H3K27 trimethylation,
ﬁnally leading to decreased expression of multiple genes [5].
HOTAIR was ﬁrstly reported to be upregulated in primary breast
tumor and facilitated breast cancer invasiveness and metastasis
in epithelial cancer cells via epigenetic silencing metastasis sup-
pressor genes [5]. In addition, HOTAIR promoted proliferation
and reduced apoptosis in hepatocellular carcinoma, colorectal can-
cer, and pancreatic cancer tissues, in which HOTAIR expression was
signiﬁcantly higher than that in their adjacent non-cancerous tis-
sues [6–8]. Whereas HOTAIR plays important role in the carcino-
genesis of solid cancer, the expression and function role of
HOTAIR in AML remains largely unknown.
MicroRNAs are highly conserved non-coding RNAs of approxi-
mately 20–24 nucleotides that inhibit gene expression at the post-
transcriptional level via binding to imperfect complementary sites
within the 30-untranslated regions (30UTR) of messenger RNAs
(mRNAs) [9,10]. Thus, acting as oncogenes or tumor suppressor
genes, miRNAsmodulate diverse biological processes including cell
cycle progression, proliferation, and apoptosis [11–13]. miR-193a
was reported to be downregulated in primary AML blasts due to
hypermethylation in its promoter region. Ectopic expression of
miR-193a inhibited cell proliferation, facilitated differentiation,
and induced apoptosis in AML blasts through directly targeting
c-KIT, DNMT3a, CCND1 and MDM2 [14,15]. However, it is unclear
whether HOTAIR acts as sponge tomodulatemiR-193a in AML cells.
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2.1. Cell lines
AML cell lines purchased from Shanghai cell bank of Chinese
Academy of Sciences were employed for the present study. These
cells were cultured in RPMI 1640 supplemented with 10%
heat-inactivated fetal bovine serum (Sigma–Aldrich, St. Louis,
MO, USA) in humidiﬁed 37 C incubator with 5% CO2.
2.2. AML patients cohort
A total of patients (Table S1) with de novo AML (age < 60) were
diagnosed and classiﬁed according to the French–American–British
(FAB) criteria between October 2011 and October 2014 in The First
Afﬁliated Hospital of Wenzhou Medical University. This study was
approved by the institutional ethics committee, and a written
informed consent in accordance with the recommendations of
the Declaration of Helsinki.
2.3. RNA extraction and qRT-PCR
Total RNA was extracted from bone marrow mononuclear cells
from AML patients (Table S1) using Trizol (Invitrogen, Carlsbad, CA,
USA). The levels of HOTAIR transcript variant 1, 2, and 3
(NR_047517; NR_003716; NR_047518) were determined by quan-
titative real-time PCR using speciﬁc primers (Table S2). The relative
HOTAIR expression level was calculated using the 2DDCt method,
with the Ct values normalized using GAPDH as internal control.
Mature miR-193a and U6 snRNA were reversely transcribed using
Stem-loop RT primer with miscript II RT Kit (Qiagen, Valencia, CA,
USA). Real-time PCR was performed using SYBR Green PCR Master
Mix (Qiagen) in an Applied Biosystem 7500 instrument.
2.4. RNA interference
Gene-speciﬁc short hairpin RNA (shRNA) were designed and
cloned into pSIREN-RetroQ (Clontech, Palo Alto, CA, USA) retroviral
vector. Control shRNA is a non-functional construct provided from
Clontech. The sequences of shHOTAIR#1, shHOTAIR#2, and
sh-c-KIT were indicated in Table S2.
2.5. Plasmid construction
Expression plasmid for HOTAIR3 were created using PCR ampli-
ﬁcation with human cDNA as template and then subcloned into
lentivirus pLVX-IRES-ZsGreen1 (Clontech) and pcDNA3.1
(Invitrogen). pCDNA-HOTAIR (Mut) and pLVX-HOTAIR (Mut) were
generated by the site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA). To produce pMIR-c-KIT30UTR and pMIR-HOTAIR plas-
mids, human c-KIT30UTR and HOTAIR cDNA were ampliﬁed by
PCR and cloned into pMIR-REPORT vector (Ambion, Dallas, TX,
USA). All constructs were conﬁrmed by DNA sequence.
2.6. Western blotting
Western blotting analysis was performed using standard tech-
niques. The following antibody was used: c-KIT (Cell Signaling
Technology, Beverly, MA, USA); b-actin antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).
2.7. RNA binding protein immunoprecipitation (RIP) assay
RNA immunoprecipitation was performed using the EZMagna
RIP kit (Millipore, Billerica, MA, USA) following themanufacturer’s protocol. THP1 cells were lysed in complete RIP
lysis buffer, following incubation with RIP buffer containing
magnetic beads conjugated with human anti-Ago2 antibody
(RIP Ab+ AGO2 kit, Millipore) or negative control normal mouse
IgG (Millipore). Samples were incubated with proteinase k with
shaking to digest the protein and then immunoprecipitated
RNA was isolated. Puriﬁed RNA was subjected to qRT-PCR anal-
ysis to demonstrate the presence of the binding targets using
respective primers.
2.8. Colony-forming assays
Bone marrow was obtained from 6 patients with AML (2M2,
2M4 and 2M5). Mononuclear cells were separated by
Ficoll-Paque liquid and selected by CD34+ (Miltenyi-Biotec,
Bergisch Gladbach, German) and suspended in IMDM (Gibco), fol-
lowed by retrovirus infection. Retrovirus-infected CD34+ cells were
seeded into methylcellulose medium (Stem Cell Technologies,
Vancouver, Canada) for 14 days. Granulocyte macrophage
colony-forming unit (CFU-GM) and erythroid burst-forming unit
(BFU-E) were counted according to the manufacturer’s protocol.
2.9. Cell growth and apoptosis detection
Cell viability was determined by the trypan-blue exclusion
assay, and growth inhibition rate was calculated according to
viable cell numbers of treated cells against numbers of untreated
cells. cells were plated in triplicate at 2  105 cells/mL. After cells
were transfected for pSIREN–HOTAIR or pSIREN-NC, apoptosis
was detected by annexin V (Invitrogen) in combination with pro-
pidium iodide (Invitrogen).
2.10. miR-193a mimic and inhibitor transfection
miR-193a mimic and inhibitor were designed and synthesized
by QIAGEN, followed with transfection by HiPerFect transfection
reagent (QIAGEN) according to the procedure.
2.11. Luciferase assays
293T cells were seeded in 24-well plates at a density of
2.0  105 cells per well, followed growth for 24 h before transfec-
tion. Then, each well was transiently cotransfected with
pMIR-REPORT reporter plasmid, Scramble or miR-193a mimics
and 10 ng internal control vector pRL-SV40 (Promega, Madison,
WI, USA) using Hiperfect transfection reagent (Qiagen). Cell lysates
were harvested after 24 h transfection, followed by the measure-
ment of ﬁreﬂy and renilla luciferase activities by the
Dual-Luciferase Reporter Assay System (Promega). The value of rel-
ative luciferase activity indicates the ﬁreﬂy luciferase activity nor-
malized to that of renilla for each assay.
2.12. Statistical analysis
Survival probabilities were estimated by the Kaplan–Meier
method and differences in survival distributions were compared
using the log-rank test. Cox proportional hazard models were used
to estimate hazard ratios (HR) for univariate and analyses for over
survival (OS) and disease free survival (DFS). OS was deﬁned as
being from the date of diagnosis to death or last follow-up. DFS
was deﬁned as the time in CR to relapse or death due to progres-
sive disease. For all the analyses, the P values were two-tailed
and a value P 6 0.05 was considered statistically signiﬁcant. All
statistical analyses were performed using SPSS 22.0 (SPSS Inc,
Chicago, IL, USA).
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3.1. Upregulation of HOTAIR in AML cells
To investigate the biological role of HOTAIR in AML, we ﬁrstly
detected the expression of HOTAIR. Three different isoforms were
found including HOTAIR transcript variant 1, HOTAIR transcript
variant 2, and HOTAIR transcript variant 3 in NCBI (National
Center for Biotechnology Information) database. To distinguish
the expression of these different isoforms, three pairs of differentFig. 1. HOTAIR is highly expressed in AML blasts and higher expression of HOTAIR pr
transcript variant 1, 2, and 3. Primers P1-L and P1-R for HOTAIR1 were set between nucl
and HOTAIR3. Primers P2-L and P2-R for HOTAIR2 were set between nucleotide 426–650
P3-L and P3-R for HOTAIR3 were set between nucleotide 1–98 and 98–300 to distinguis
detected in normal controls and several leukemia and lymphoma cell lines including K56
expression was detected by qRT-PCR in bone marrow mononuclear cells from primary AM
as the cutoff. Low HOTAIR expression in each of the 68 patients was deﬁned as a value
deﬁned as a value above the 50th percentile. Kaplan–Meier overall survival curve (D) andprimers were designed to measure HOTAIR expression (Fig. 1A).
As indicated in Fig. 1B, the levels of all HOTAIR variants were
increased in leukemic cell lines compared with those in normal
controls. Importantly, HOTAIR variant 3 (HOTAIR3) is mostly
increased than HOTAIR variant 1 and 2 in leukemic cell lines.
Thus, HOTAIR3 was selected for the following analysis. Further,
HOTAIR expression was detected in the bone marrowmononuclear
cells from 136 AML patients de novo. HOTAIR expression was sig-
niﬁcantly higher in AML blasts compared with that in normal con-
trols (Fig. 1C). Finally, we analyzed HOTAIR expression in AMLedicted poor outcome in AML patients. (A) A schematic representation of HOTAIR
eotide 98–158 and 300–426, respectively, to distinguish the expression of HOTAIR2
and 650–705 to distinguish the expression of HOTAIR1 and HOTAIR3. Also, primers
h the expression of HOTAIR1 and HOTAIR2. (B) HOTAIR1, 2, and 3 expressions were
2, HL-60, THP1, NB4, Kasumi, U937, KG-1, HEL, and Jurkat by qRT-PCR. (C) HOTAIR
L blasts and normal controls. (D and E) The median expression of HOTAIR was used
below the 50th percentile. High HOTAIR expression in each of the 68 patients was
disease free survival curve (E) were indicated according to HOTAIR expression level.
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molecular genetic abnormality. However, no signiﬁcant differences
were found between these factors (Table S1).
3.2. Higher expression of HOTAIR predicts poor outcome in AML
patients
To determine whether HOTAIR expression is associated with
clinical outcome in AML patients, AML patients were divided into
two different groups according to the median HOTAIR level.
HOTAIR expression above or below the median was considered
as high or low expression. As indicated in Fig. 1D and E, AML
patients with higher expression of HOTAIR predicted worse OS
(HR = 2.033; 95% CI = 1.164–3.549; P = 0.007) and DFS
(HR = 0.609; 95% CI = 0.372–0.997; P = 0.034) compared with those
with lower HOTAIR expression, respectively.
3.3. HOTAIR knockdown inhibits proliferation and induces apoptosis in
AML cells
The signiﬁcant increase of HOTAIR in AML blasts prompted us
to explore the possible biological roles of HOTAIR in AML. ToFig. 2. The effects of HOTAIR on cell growth and apoptosis in leukemic cells. (A) qRT-P
shHOTAIR#2 in THP1 and HL-60 cells. (B and C) THP1 (B) and HL-60 cells (C) were transf
the direct cell count using the trypan-blue exclusion assay. *P < 0.01 versus NC. (D and
shHOTAIR#1, or shHOTAIR#2 by Annexin V/PI assay. *P < 0.01 versus NC. (F and G) CD34
and infected with sh-NC, shHOTAIR#1, or shHOTAIR#2 for colony assay as described in Se
experiments were done twice using triplicate plates per experimental point. *P < 0.01 veanalyze it, endogenous HOTAIR was knocked down by two pairs
of shRNA in THP1 and HL-60 cell lines, in which HOTAIR expression
is mostly highest (Fig. S1). qRT-PCR analysis showed that HOTAIR
expression was effectively reduced by shRNA (Fig. 2A). HOTAIR
silencing signiﬁcantly decreased proliferation (Fig. 2B and C) and
induced apoptosis (Fig. 2D and E) in leukemic cells. Further, we
asked whether HOTAIR knockdown reduced colony formation in
hematological progenitors. CD34+ stem cells were isolated from 6
AML patients and then transfected with shHOTAIR#1,
shHOTAIR#2, or sh-NC. As indicated in Fig. 2F and G, HOTAIR
knockdown signiﬁcantly decreased the number of CFU-GM and
BFU-E in 4 of 6 AML patients, respectively.
3.4. HOTAIR binds with miR-193a
Recently, several long non-coding RNAs have been reported to
function as competing endogenous RNAs (ceRNAs) via competi-
tively binding microRNAs [16,17]. miR-193a has been reported to
inhibit cell proliferation and induce apoptosis by targeting c-KIT
in AML cells [15]. Similarly, our data also showed ectopic overex-
pression of miR-193a signiﬁcantly decreased c-KIT protein level
in leukemic cells (Fig. S2A). Also, overexpression of miR-193aCR analysis of HOTAIR expression following transfection of sh-NC, shHOTAIR#1, or
ected with sh-NC, shHOTAIR#1, or shHOTAIR#2 for the indicated times, followed by
E) Apoptosis was detected in THP1 (D) and HL-60 cells (E) transfected with sh-NC,
+ stem cells from 6 patients with AML including 2 M2, 2 M4, and 2 M5 were isolated
ction 2. The numbers of colonies containing >40 cells in each dish were counted. All
rsus NC.
Fig. 3. HOTAIR modulates c-KIT expression via competitively binding miR-193a. (A) The relative expression of HOTAIR and miR-193a were detected in AML blasts by qRT-
PCR, respectively. Plotting of HOTAIR and miR-193a expressions showed an inverse correlation between them by Pearson’s method. (B) RIP with monoclonal anti-Ago2,
preimmune IgG, or 10% input from THP1 lysate. RNA levels of HOTAIR, miR-193a, and FOS were shown as fold enrichment in Ago2 relative to IgG immunoprecipitates by qRT-
PCR. (C) THP1 and HL-60 cells were transfected with pLVX-HOTAIR (WT) or pLVX-HOTAIR (Mut), and then positive clones were selected by ﬂowcytometry. Cells with pLVX-
HOTAIR (WT) were transfected with miR-193a mimics for 48 h. All cell lysates were extracted for the detection of c-KIT protein. (D) THP1 and HL-60 cells were transfected
with sh-NC, shHOTAIR#1, or shHOTAIR#2. The stable knockdown of HOTAIR clone was selected by puromycin and transfected with inhibition of miR-193a. After 48 h
transfection, Western blotting was taken to detect c-KIT expression. (E) 30UTR of c-KIT was cloned into pMIR vector, followed with the transfection with Scramble or miR-
193a mimics together with pcDNA-HOTAIR (WT), pcDNA-HOTAIR (Mut), or pcDNA-NC into 293T cells. Luciferase activity was determined using the dual luciferase assay and
shown as the relative luciferase activity normalized to renilla activity. miR-122 was purchased as negative control. Histogram presents the relative luciferase activity after
trasnfection for 48 h. (F) The relative expression of HOTAIR and c-KIT were detected in AML blasts, respectively. Plotting of HOTAIR and c-KIT expression indicated a positive
correlation between them by Pearson’s method.
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THP1 and HL-60 cells (Fig. S2D and E). Furthermore, knockdown
of c-KIT by speciﬁc shRNA (Fig. S2F) decreased cell growth
(Fig. S2G and H) and induced apoptosis (Fig. S2I and J). To explore
whether HOTAIR binds miR-193a, subsequent bioinformatic analy-
sis by miRmap (http://mirmap.ezlab.org) indicated four putative
complementary sequences for miR-193a in HOTAIR (Fig. S3A).
Among these four predicted miR-193a sites in HOTAIR, the sites
with starting nucleotide at position 1363 and 1809 are an offset
6-mer seed site with strong compensatory base-pairing for the
50end of miR-193a (Fig. S3A). The other two sites are
non-canonical binding (Fig. S3A).
To determine whether HOTAIR actually binds with miR-193a,
HOTAIR and miR-193a levels were measured by qRT-PCR in pri-
mary AML blasts, respectively. A signiﬁcant inverse correlation
between HOTAIR and miR-193a was found in these cells
(Fig. 3A). miRNA is known to be present in the cytoplasm in the
form of miRNA ribonucleoprotein complex (miRNP) containing
argonaute-2 (Ago2), the core component of the RNA-induced
silencing complex (RISC) [18]. To determine if HOTAIR is binding
with miRNP, RIP experiment was taken using anti-AGO2 antibody.
HOTAIR and miR-193a were signiﬁcantly enriched by about
25-fold and 36-fold in AGO2-containing immunoprecipitates com-
pared with control immunoglobulin G (IgG) immunoprecipitates
(Fig. 3B), respectively. Successful immunoprecipitation ofAgo2-associated RNA was conﬁrmed by using human FOS primers
in RIP Ab+ AGO2 kit (Fig. 3B).
3.5. HOTAIR affects expression of endogenous miR-193a target
Because HOTAIR shares regulatory miR-193a with c-KIT, we
then asked whether HOTAIR could modulate c-KIT expression.
Ectopic expression of HOTAIR (WT) but not HOTAIR (Mut)
increased the expression of c-KIT (Fig. 3C). However, miR-193a
prevented the upregulation of c-KIT by HOTAIR (Fig. 3C). By con-
trast, HOTAIR knockdown signiﬁcantly decreased c-KIT (Fig. 3D)
expression. However, HOTAIR knockdown plus inhibition of
miR-193a restored the decreased c-KIT expression (Fig. 3D).
Furthermore, we determined whether HOTAIR acts as sponge to
prevent miR-193a-induced degradation of c-KIT mRNA. As indi-
cated in Fig. 3E, ectopic expression of HOTAIR restored the lucifer-
ase activity, which was reduced by miR-193a, suggesting that
ectopically expressed HOTAIR speciﬁcally sequestered endogenous
miR-193a, thereby preventing it from inhibiting luciferase activity.
When the sequences of HOTAIR at site 1363–1368 and 1809–1814
were both mutated (Fig. S3B), HOTAIR (Mut) lost the ability of
binding miR-193a (Fig. 3E chart 6 verse chart 5).
Since HOTAIR increased the expression of c-KIT, we next deter-
mine whether HOTAIR is co-expressed with c-KIT in leukemic cells.
The expression levels of HOTAIR and c-KIT were detected in
Fig. 4. miR-193a reduces the luciferase activity of HOTAIR and HOTAIR facilitates malignant phenotypes of AML cells (A) HOTAIR cDNA (WT) and HOTAIR cDNA (Mut) were
cloned into pMIR vector named by pMIR-HOTAIR (WT) and pMIR-HOTAIR (Mut), which were transfected with Scramble, miR-193a mimics, or miR-122 mimics into 293T
cells. Luciferase activity was determined using the dual luciferase assay and shown as the relative luciferase activity normalized to renilla activity. miR-122 was purchased as
negative control. *P < 0.01 (B and C) HOTAIR levels were measured in THP1 and HL-60 cells transfected with Scramble or miR-193a mimics for 24 and 48 h. *P < 0.01 verse
Scramble. (D and E) THP1 and HL-60 cells were transfected with pLVX-HOTAIR or pLVX-NC, and then positive clones were selected by ﬂowcytometry. Viable cell numbers
were counted in leukemic cells with pLVX-HOTAIR transfected with inhibition of miR-193a or inhibition of miR-NC for 24 and 48 h.
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expression of c-KIT was signiﬁcantly correlated with HOTAIR tran-
script level (Fig. 3F).
3.6. miR-193a reduces the luciferase activity of HOTAIR
To further conﬁrm the direct interaction between HOTAIR and
miR-193a, the cDNA of HOTAIR (WT) and HOTAIR (Mut) were
cloned downstream of the luciferase gene (pMIR-HOTAIR) and
transfected with miR-193a mimics or Scramble into 293T cells.
As indicated in Fig. 4A, miR-193a reduced the luciferase activity
of pMIR-HOTAIR (WT) by 58% compared with the empty vector
control. miR-122 served as negative control. However, when the
putative two miR-193a-binding sites were mutated (Fig. S3B),
miR-193a failed to reduce the luciferase activity of pMIR-HOTAIR
(Mut). Meanwhile, we found ectopic overexpression of miR-193a
decreased the expression of HOTAIR mRNA levels in leukemic cells
(Fig. 4B and C).
3.7. HOTAIR maintenance of the malignant phenotypes of AML cells is
dependent on the interaction between HOTAIR, miR-193a, and c-KIT
Finally, we explore whether HOTAIR maintenance of the malig-
nant phenotypes of AML cells is dependent on the interaction
between HOTAIR, miR-193a, and c-KIT. We found ectopic overex-
pression of HOTAIR promoted the proliferation of leukemic cells
(Fig. 4D and E). However, HOTAIR-promoted proliferation was pre-
vented by the inhibition of miR-193a (Fig. 4D and E), suggesting
that HOTAIR maintenance of the malignant phenotype of AML cells
might depend on the interaction of HOTAIR, miR-193a, and c-KIT.
4. Discussion
As a new discovered non-coding RNAs, long non-coding RNAs
have been reported to be deregulated in various human diseases,
especially cancer. In present study, we ﬁnd that a well HOTAIRact as natural sponge to bind miR-193a and inhibit its function.
The physiological signiﬁcance of interaction is underscored that
HOTAIR knockdown suppresses cell proliferation and induces
apoptosis, suggesting that HOTAIR may act as an oncogenic long
non-coding RNA.
The importance of lncRNAs in human disease might be corre-
lated with their ability to impact cellular functions through differ-
ent mechanisms [5,19]. Although HOTAIR was ﬁrstly discovered in
the nucleus to bind PRC2 complex and alter H3K27 methylation
[5], the subcellular location analysis by RNA ﬂuorescence in situ
hybridization assay indicated that HOTAIR was distributed in both
the nucleus and cytoplasm [20]. Further, HOTAIR was reported to
act as scaffold in the cytoplasm to induce ubiquitin-mediated pro-
teolysis by facilitating the ubiquitination of Ataxin-1 and
Snurportin-1 [21]. Recently, HOTAIR has been reported to bind dif-
ferent miRNAs in several cancer cells. For example, HOTAIR com-
petitively bound miR-331-3p to regulate HER2 expression in
gastric cancer [22]. In support with the interaction of HOTAIR
and miRNAs, HOTAIR-mediated oncogenic activity was at least
partly through suppression of miR-193a in AML cells. Thus, the
mechanistic heterogeneity of HOTAIR in the cytoplasmic form is
far from being fully elucidated.
Previous data showed miR-193a is an important
tumor-suppressive miRNAs, which was signiﬁcantly decreased in
primary AML blasts due to hypermethylation in miR-193a pro-
moter region [15]. In addition, HOTAIR bound miR-193a to further
inhibit its function. Thus, miR-193a expression and biological
activity were both inhibited by DNA hypermethylation and high
expression of HOTAIR. Therefore, restoration of miR-193a through
both hypomethylation and HOTAIR knockdown might completely
restore the anti-tumor activity of miR-193a.
Whereas lncRNAs modulate epigenetic gene regulation, metas-
tasis, and prognosis in solid tumors, little data showed their roles
in AML. Garzon et al. investigated whether lncRNA expression pro-
ﬁle was associated with clinical features, molecular abnormalities,
and outcome in older patients with cytogenetically normal AML
C.-y. Xing et al. / FEBS Letters 589 (2015) 1981–1987 1987and found that patients with unfavorable lncRNA score had shorter
OS and DFS compared with those with favorable lncRNA score [23].
These results are consistent with our report that AML patients with
higher expression of HOTAIR predicted worse outcome compared
with those with lower expression of HOTAIR. Garzon et al. also
reported distinctive lncRNA signature in recurrent mutations such
as nucleophosmin (NMP) and internal tandem duplications
(FLT3-ITDs) [23]. However, we failed to ﬁnd that HOTAIR expres-
sion was associated with such mutations. Obviously, it is urgent
to explore if HOTAIR can contribute to understanding the genetic
diversity of AML and stratify AML samples for a better clinical
prognostication.
In summary, our data indicate that HOTAIR may function as the
endogenous sponge to modulate c-KIT expression through compet-
itively binding miR-193a in AML cells. Understanding the precise
molecular mechanism is vital for exploring new potential strate-
gies for early diagnosis and therapy. Our experimental data also
suggest that targeting the HOTAIR-miR-193a-c-KIT axis may repre-
sent a novel therapeutic application in AML.
Conﬂict of interest disclosure
The authors of this manuscript have no conﬂicts of interest to
disclose.
Acknowledgements
This work was supported by National Natural Science
Foundation of China (81200350); The Fund of Wenzhou Science
and Technology Bureau (Y20130090, Y20130044).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2015.04.
061.
References
[1] Fatica, A. and Bozzoni, I. (2014) Long non-coding RNAs: new players in cell
differentiation and development. Nat. Rev. Genet. 15, 7–21.
[2] Guo, G., Kang, Q., Chen, Q., Chen, Z., Wang, J., Tan, L. and Chen, J.L. (2014) High
expression of long non-coding RNA H19 is required for efﬁcient tumorigenesis
induced by Bcr-Abl oncogene. FEBS Lett. 588, 1780–1786.[3] Yang, C., Li, X., Wang, Y., Zhao, L. and Chen, W. (2012) Long non-coding RNA
UCA1 regulated cell cycle distribution via CREB through PI3-K dependent
pathway in bladder carcinoma cells. Gene 496, 8–16.
[4] Benetatos, L., Vartholomatos, G. and Hatzimichael, E. (2011) MEG3 imprinted
gene contribution in tumorigenesis. Int. J. Cancer 129, 773–779.
[5] Gupta, R.A. et al. (2010) Long non-coding RNA HOTAIR reprograms chromatin
state to promote cancer metastasis. Nature 464, 1071–1076.
[6] Kogo, R. et al. (2011) Long noncoding RNA HOTAIR regulates polycomb-
dependent chromatin modiﬁcation and is associated with poor prognosis in
colorectal cancers. Cancer Res. 71, 6320–6326.
[7] Geng, Y.J., Xie, S.L., Li, Q., Ma, J. and Wang, G.Y. (2011) Large intervening non-
coding RNA HOTAIR is associated with hepatocellular carcinoma progression.
J. Int. Med. Res. 39, 2119–2128.
[8] Kim, K., Jutooru, I., Chadalapaka, G., Johnson, G., Frank, J., Burghardt, R., Kim, S.
and Safe, S. (2013) HOTAIR is a negative prognostic factor and exhibits pro-
oncogenic activity in pancreatic cancer. Oncogene 32, 1616–1625.
[9] Bartel, D.P. (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116, 281–297.
[10] Pillai, R.S., Bhattacharyya, S. and Filipowicz, W. (2007) Repression of protein
synthesis by miRNAs: How many mechanisms. Trends Cell Biol. 17.
[11] Lawrie, C.H. (2007) MicroRNAs and haematology: small molecules, big
function. Br. J. Haematol. 137, 503–512.
[12] Gao, S.M., Yang, J., Chen, C., Zhang, S., Xing, C.Y., Li, H., Wu, J. and Jiang, L.
(2011) MiR-15a/16-1 enhances retinoic acid-mediated differentiation of
leukemic cells and is up-regulated by retinoic acid. Leuk. Lymphoma 52,
2365–2371.
[13] Mi, S. et al. (2010) Aberrant overexpression and function of the miR-17-92
cluster in MLL-rearranged acute leukemia. Proc. Natl. Acad. Sci. U.S.A. 107,
3710–3715.
[14] Li, Y. et al. (2013) Epigenetic silencing of microRNA-193a contributes to
leukemogenesis in t(8;21) acute myeloid leukemia by activating the PTEN/
PI3K signal pathway. Blood 121, 499–509.
[15] Gao, X.N. et al. (2011) MicroRNA-193a represses c-kit expression and
functions as a methylation-silenced tumor suppressor in acute myeloid
leukemia. Oncogene 30, 3416–3428.
[16] Cesana, M., Cacchiarelli, D., Legnini, I., Santini, T., Sthandier, O., Chinappi, M.,
Tramontano, A. and Bozzoni, I. (2011) A long noncoding RNA controls muscle
differentiation by functioning as a competing endogenous RNA. Cell 147, 358–
369.
[17] Kallen, A.N. et al. (2013) The imprinted H19 lncRNA antagonizes let-7
microRNAs. Mol. Cell 52, 101–112.
[18] Izaurralde, E. (2012) Elucidating the temporal order of silencing. EMBO Rep.
13, 662–663.
[19] Koch, L. (2015) Disease genetics: Therapeutic targeting of a long non-coding
RNA. Nat. Rev. Genet. 16, 2.
[20] Khalil, A.M. et al. (2009) Many human large intergenic noncoding RNAs
associate with chromatin-modifying complexes and affect gene expression.
Proc. Natl. Acad. Sci. U.S.A. 106, 11667–11672.
[21] Yoon, J.H. et al. (2013) Scaffold function of long non-coding RNA HOTAIR in
protein ubiquitination. Nat. Commun. 4, 2939.
[22] Liu, X.H. et al. (2014) Lnc RNA HOTAIR functions as a competing endogenous
RNA to regulate HER2 expression by sponging miR-331-3p in gastric cancer.
Mol. Cancer 13, 92.
[23] Garzon, R. et al. (2014) Expression and prognostic impact of lncRNAs in acute
myeloid leukemia. Proc. Natl. Acad. Sci. U.S.A. 111, 18679–18684.
